When an odourant enters the nose, olfactory receptor neurons (ORNs) convey information about it to the olfactory bulb (OB), where this information is processed and where the first central representations of the odourant are generated. In this paper we show how odourants are represented by ensembles of OB neurons, in particular mitral cells (MCs) which are the output neurons of the OB. We were able to demonstrate for the first time that the intracellular calcium concentrations ([Ca 2þ ] i ) in the somata of these neurons undergo specific changes and that different stimuli are represented by different neuronal [Ca 2þ ] i patterns. The similarity of patterns was assessed by cross-correlation analysis. We further show that noradrenaline (NA), which is reported to be involved in olfactory memory formation and to modulate synaptic transmission at dendrodendritic synapses in the OB, profoundly changes the representation of odourants at the level of MCs.
Introduction
The CNS processes environmental stimuli in a distributed, parallel fashion. Realtime observation of stimulus-induced spatio-temporal stimulus representations at cellular resolution is a challenging task because it requires controlled natural stimulation alongside the simultaneous monitoring of brain tissue activities at the microscopic level.
We have developed a new preparation that exposes several stages of the olfactory system to imaging with Ca 2þ -sensitive dyes. Most of our knowledge about the physiological behaviour of olfactory bulb (OB) neurons is based on studies of single OB neurons (Matsumoto & Hildebrand, 1981; Mori, 1987; Imamura et al., 1992; Mori & Yoshihara, 1995; Mori et al., 1999; Xu et al., 2000) , on voltagesensitive dye imaging of the surface of the OB (Kauer, 1988; Cinelli et al., 1995; Kauer & White, 2001; Wachowiak & Cohen, 2001; Spors & Grinvald, 2002) and on imaging neural processes in glomeruli (Friedrich & Korsching, 1997; Joerges et al., 1997; Friedrich & Korsching, 1998; Keller et al., 1998; Fuss & Korsching, 2001) . However, measuring the cellular representation of odourants by ensembles of output neurons of the OB has remained illusive until now.
To accomplish this goal, we developed a tissue slice preparation which includes the olfactory epithelium, the olfactory bulb and most of the brain. In this preparation (i) olfactory receptor neurons can be monitored by patch-clamp and imaging techniques, (ii) receptor axons retain their natural connection to the olfactory bulb, (iii) the olfactory bulb is sufficiently translucent to allow CCD imaging or laser scanning of the OB, and (iv) the OB receives efferent input from other centres of the CNS.
In this paper we set out to image the activation of olfactory bulb neurons following stimulation with odourants. We obtained first insights into the spatiotemporal patterns of odourant-induced activation as well as their GABAergic and noradrenergic modulation.
Materials and methods

Calcium-imaging of olfactory bulb neurons and odourant stimulation
Tadpoles (stages 51-53, after Nieuwkoop & Faber, 1956 ) were anaesthetized in a mixture of ice and water for at least 5 min, and a block of tissue containing the olfactory mucosae, olfactory nerves and the entire brain down to the brainstem was cut out. The tissue was glued to the stage of a vibroslicer (VT 1000, Leica, Bensheim, Germany), and only the dorsal surface of the olfactory bulbs was sliced off. The olfactory mucosae and the rest of the brain were left intact. The nose-brain preparation was transferred to a recording chamber, and incubated for 1 h at room temperature in 200 mL of frog saline containing (in mM) NaCl, 98; KCl, 2; CaCl 2 , 1; MgCl 2 , 2; glucose, 5; pyruvate-Na, 5; HEPES, 10; and Fura 2/AM, 0.05, pH ¼ 7.8. All chemicals except Fura-2/AM (Molecular Probes, Leiden, Netherlands) were purchased from Sigma (Deisenhofen, Germany). After incubation, the tissue was rinsed with saline, glued into the recording chamber using 5% low melting point agarose (Amresco, Agarose type II, no. 210-815), covered with saline and viewed with Nomarski optics (Axioskop 2, Zeiss, Göttingen, Germany). Preparations were rinsed with saline for at least 20 min under a constant bath flow at a rate of 550 mL/min in the recording setup. For calcium imaging, fluorescence image pairs F340/ F380 (alternating excitation at 340 and 380 nm; emission >505 nm) of the olfactory bulb were taken using a frame-transfer, back-illuminated CCD camera (16 bits/pixel, Micromax; Visitron, München, Germany) and a custom-built monochromator. Images were acquired at 200 or 500 ms exposure time per image using the commercial image acquisition software Winview (Visitron). The image evaluation software was written in the lab. The [Ca 2þ ] i responses of mitral and granule cells were represented as ratio images, whereby the mean values of the autofluorescence of unstained slices were taken into account (220 and 300/pixel at 340 nm and 380 nm, respectively). The backgroundcorrected ratio R of the fluorescence images excited at 340 and 380 nm (F340 and F380) The similarity of two responses, e.g. DR 1 (x,y) and DR 2 (x,y), at a certain time was obtained by calculating the cross-correlation coefficient (Papoulis, 1991) 
, where the sum is taken over the pixels, and s 1 and s 2 are the standard deviations of DR 1 (x,y) and DR 2 (x,y), respectively. The value r is 0 in the case of uncorrelated images, it is 1 for identical images and À1 if one image of an image pair is the negative of the other one.
For odourant stimulation, we used either single amino acids (L-form) or a mixture of 15 L-amino acids (glycine, alanine, serine, threonine, cysteine, valine, leucine, isoleucine, methionine, proline, arginine, lysine, histidine, phenylalanine and tryptophan, all from SigmaAldrich, each at a concentration of 100 mM). Odorant stimuli were applied directly into the ipsilateral mucosa by gravity feed from a storage syringe through a funnel drug applicator (Schild, 1985) at a flow of 250 mL/min. The tip of the applicator was placed above the mucosa. Odorants were pipetted directly into the funnel without stopping the flow. The flow at the funnel outlet was constant. Fast removal of odourants was provided by a fast additional bath flow (550 mL/min) and suction through a syringe needle placed close to the mucosa and behind the stimulus applicator to ensure that odourant molecules were removed rapidly by the fast bath stream. Suction was adjusted to balance bath flow through the funnel applicator and the fast bath flow. The minimum interstimulus interval was 5 min.
Results
We recorded odourant-induced neuronal activity patterns in the novel slice preparation shown in Fig. 1 . The layering of the Xenopus OB (Nezlin & Schild, 2000) is shown in Fig. 1C . Calcium imaging with Fura-2 revealed the cell bodies of neurons in the OB slice ( Fig ] i activation patterns in response to stimulation with methionine (100 mM) at different times (in s) before, during and after odourant application. The stimulus was applied at t ¼ 22 s for 7 s. The delta ratio, DR(t) ¼ R(t) À R o , highlights the changes in [Ca 2þ ] i . Green spots indicate neuronal cell bodies showing an increase in [Ca 2þ ] i whereas red indicates a decrease in [Ca 2þ ] i . For better orientation, the response patterns are superimposed on the first ratio image. B), and stimulation of the olfactory mucosa with odourants clearly affected the [Ca 2þ ] i pattern of OB neurons (Fig. 2C-H In the example shown, stimulation with methionine (100 mM) induced an increase in [Ca 2þ ] i in a specific ensemble of neurons (green) and a decrease in others (red). Most neurons were unaffected (dark grey).
The time courses of [Ca 2þ ] i of individual neurons were excitatory or inhibitory as shown in Fig. 3 for the neurons indicated in Fig. 2D . The earliest [Ca 2þ ] i changes following stimulation occurred with a delay of 0.8 s. The excitatory or inhibitory odour-induced [Ca 2þ ] i changes were always reversible. Some recordings showed superimposed oscillations around 0.4 Hz. Interestingly, the odourant-induced increases or decreases in [Ca 2þ ] i were almost on the same order of magnitude. Statistics on 132 responding neurons gave DR ¼ 0.103 AE 0.03 (excitation, n ¼ 81) and DR ¼ À0.057 AE 0.021 (inhibition, n ¼ 51), respectively.
Repeated application of the same stimulus gave very similar temporal patterns (Fig. 4 , cells 1, 2 and 3); some cells underwent fluctuations that were uncorrelated with the odourant applications (Fig. 4, cell 4) . Thus, the response patterns were similar but not identical ( Fig. 5A and B). Different stimuli gave rise to different response patterns (Fig. 6) , whereby several neurons were clearly involved in coding more than one odourant. In some cases neurons responded antagonistically to different odourants, e.g. excitatory to one odourant and inhibitory to another. The r-values of the image pairs in Fig. 6 were r ¼ 0.55 (met, his), 0.21 (met, leu), 0.19 (met, arg), 0.08 (his, arg), 0.26 (his, leu), 0.5 (leu, arg), respectively. The activation patterns in response to methionine and histidine were thus more similar to each other (r ¼ 0.55) than, e.g., the patterns in response to arginine and to methionine (r ¼ 0.19), or arginine and histidine (r ¼ 0.08). Odourant-induced activity patterns showed a marked concentration dependence (Fig. 7) . The standard odourant concentration used was 100 mM (e.g. Figure 7B ). At a concentration of 50 mM (Fig. 7A , methionine, 50 mM), fewer cells, especially fewer granule cells, were activated. On the other side, a higher concentration led to a general broadening of the pattern, but also to an increase in inhibitory responses (Fig. 7C , methionine, 200 mM).
Feedback and lateral inhibition in the OB via reciprocal synapses is mediated by GABA (Jahr & Nicoll, 1982a, b; Mori, 1987) . It was therefore not unexpected that a marked change in odourant-induced activation patterns by blocking GABA A channels with picrotoxin (PicTx) was found (Fig. 8, r his/hisþPicTx ¼ 0.16, r mix/mixþPicTx ¼ 0.104). As NA strongly affects feedback inhibition (Jahr & Nicoll, 1982a, b; Czesnik et al., 2001) we were particularly interested in the modulation of [Ca2þ] i patterns by NA. If odourants were applied while an a 2 -agonist, clonidine (200 nM) or a-methyl-noradrenaline (aMeNA; 10 mM; Ruffolo et al., 1994) , was in the bath, the response patterns deviated considerably from those with no a 2 -agonists added (tested with arginine in 14 slices, with histidine in 15 slices and with methionine in 16 slices). Figure 9 shows a typical example where arginine was used as stimulus. Some cells were inhibited by the control stimulus and disinhibited by the same stimulus after aMeNA was added to the bath (e.g. cell 1 or 2 in Fig. 9 ). Other neurons that were unaffected by the control stimulation were either inhibited (e.g. cell 3 in Fig. 9B ) or excited (e.g. cell 4 in Fig. 9B ) by the same stimulus after application of aMeNA. Finally, some cells that were excited by the control stimulation became unaffected after aMeNA or clonidine application (e.g. cell 5 in Fig. 9A ). The overall effect of aMeNA led to a pattern that was virtually uncorrelated with the control stimulusinduced pattern (r ¼ À0.03).
As a last point we tried to verify the presumed symmetry of odourant responses in the left and right OB of the same slice. The resulting odourant-induced patterns showed some similarity but were never perfectly symmetrical (Fig. 10 ). We were unable to determine whether this was due to a slightly oblique sectioning of the slices or to a real asymmetry of the bulbs.
Discussion
In this study we imaged large ensembles of OB neurons. The information provided by these measurements is different from and complementary to that obtained by recent recordings of glomerular activation patterns (Friedrich & Korsching, 1997; Joerges et al., 1997; Friedrich & Korsching, 1998; Fuss & Korsching, 2001; Wachowiak & Cohen, 2001; Spors & Grinvald, 2002) . In higher vertebrates, olfactory receptor neurons (ORNs) of a particular class express one type of olfactory receptor (OR) and the ORNs of the same class project to the same glomerulum. Though this scheme has as yet not been confirmed in lower vertebrates, it may be assumed that glomerular activation patterns reflect the specificities of ORNs mapped onto the glomerular layer, i.e. they reflect the specificity-differentiated input to the OB. Glomeruli then couple to mitral cells (MCs) through the primary dendrites of MCs and through a complex network of interneuronal connections. In addition, MC activation patterns can be modulated indirectly by efferent innervation through interneurons. MC activation patterns are thus the result of the signal processing in the OB and reflect the spatial output pattern of the OB.
We measured patterns of somatic [Ca 2þ ] i rather than voltage or spiking patterns, because [Ca 2þ ] i dyes are presently superior to voltage-sensitive dyes in terms of toxicity and recording time, signal-to-noise ratio, ratiometric evaluation and applicability in tissue slices. The exact dynamics of the somatic [Ca 2þ ] i signals depend on a number of partly unknown parameters such as localization and types of calcium channels (Bischofberger & Schild, 1995) , [Ca 2þ ] i -release mechanisms (Geiling & Schild, 1996) and Ca 2þ -buffering (Neher, 1995) . Experimental (Smetter et al., 1999; Peterlin et al., 2000; Charpak et al., 2001) as well as theoretical (Engel et al., 1999) work suggests that the [Ca 2þ ] i signal of OB neurons follows membrane potential and neuronal activity, albeit in a nonlinear and complex manner which needs to be studied in the future. The spatial information on how neuronal activity changes is thus reflected by the spatial [Ca 2þ ] i pattern. Our imaging data clearly show the following three features of OB coding.
Differences between spatiotemporal patterns
The activity patterns induced by different stimuli in the same slice can easily be distinguished from each other and are similar (although not identical) in the left and right OB. The cross-correlation coefficient of different patterns is a useful though rather coarse measure of similarity. More refined measures/descriptors that characterize patterns and their differences in more detail should be tried in the future.
Lateral inhibition
There is a high density of reciprocal synapses between mitral cells and interneurons in the OB (Shepherd, 1996) suggesting an important role of lateral inhibition in the OB signal processing. Our data confirm this. Blocking lateral inhibition changes the OB output pattern dramatically. A response pattern induced by a certain stimulus (control) is almost uncorrelated to the corresponding pattern induced by the same stimulus but with lateral inhibition blocked. The decreased calcium level in the two spots on the right in Fig. 7D cannot be explained right now. One could hypothesize that picrotoxin, by increasing MC activity, leads to some sort of an as yet undiscovered efferent innervation to granule cells.
Noradrenergic modulation
NA has been shown to play a crucial role in olfactory memory formation and odour learning (Brennan et al., 1990; Brennan & Keverne, 1997) . Our data show a strong influence of clonidine or aMeNA upon the OB output pattern. These drugs are selective agonists of a 2 -receptors, which have been shown to be localized at the MC face of some but not all reciprocal synapses of the OB (Czesnik et al., 2001) . The rather complex response pattern changes upon aMeNA application (Fig. 8) are consistent with inhibition of glutamatergic synaptic transmission from MCs to granule cells (GCs), the direct effect being a decreased excitation of GCs. These, in turn, disinhibit the MCs connected to them. As a 2 -agonists modulate some but not all MCs (Czesnik et al., 2001 ) and as GC dendrites show complex arborizations, the disinhibitory effect on MCs could be expected to be likewise complex. Moreover, the disinhibited MCs affect the activity of the interneurons they are connected to, which would render the resulting pattern changes even more complex. It was thus not surprising that a 2 -agonist application led to a pattern which was virtually uncorrelated with the original pattern, induced by the same stimulus but without a 2 -agonists applied.
